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Description 

Yield Improvement in 
Silicon-Germanium Epitaxial Growth 

Background of Invention 

[0001] J. Technical Field 

[0002] The present invention relates to silicon-germanium (SiGe) 
epitaxial (EPI) growth, and more particularly, to yield im- 
provement in silicon-germanium epitaxial growth. 

[0003] 2. Related Art 

[0004] A typical fabrication process to form an NPN device starts 
out with a single-crystal silicon layer on a wafer. Then, 
first and second shallow trench isolation (ST!) regions are 
formed in the single-crystal silicon layer. The collector of 
the NPN device is to reside in a first single-crystal silicon 
region sandwiched between the first and second ST! re- 
gions. Next, silicon (Si) and germanium (Ge) are deposited 
on top surfaces of the single-crystal silicon region and the 
first and second ST! regions. As a result of the SiGe depo- 



sition, a second single-crystal silicon region grows up 
from the top surface of the first single-crystal silicon re- 
gion. Also as a result of the SiGe deposition, first and sec- 
ond polysilicon regions grow up from the top surfaces of 
the first and second ST! regions, respectively. The emitter 
and base of the NPN device are to reside in the second 
single-crystal silicon region. 

[0005] The first single-crystal silicon region and the first ST! re- 
gion have a first common interface surface. The first sin- 
gle-crystal silicon region and the second ST! region have a 
second common interface surface. The top edges of the 
first and second common interface surfaces are where 
high material stress is present. This high material stress 
may result in cracks that propagate into the first and sec- 
ond single-crystal silicon regions causing electrical shorts 
between the collector and the emitter of the NPN device. 
This in turn decreases the yield for the NPN device. 

[0006] Therefore, there is a need for a method for fabricating 
NPN devices having a relatively higher yield than is dis- 
closed in the prior art. 
Summary of Invention 

[0007] jhe present invention provides a method for method for 
forming semiconductor structures, the method compris- 



ing the steps of (a) forming a first plurality of identical 
semiconductor structures, wherein each of the first plural- 
ity of identical semiconductor structures is formed by (i) 
forming a first region and a second region, wherein the 
first region and the second region are in direct physical 
contact with each other via a first common interface sur- 
face, and (ii) depositing a growth material simultaneously 
on top of the first and second regions so as to grow third 
and fourth regions from the first and second regions, re- 
spectively, such that a second common interface surface 
between the third and fourth region grows from the first 
common interface surface, wherein the first and third re- 
gions comprise a same material and have single-crystal 
atoms arrangement, wherein the first region has a differ- 
ent atoms arrangement than the fourth region, and 
wherein the step of depositing the growth material is per- 
formed under a first deposition condition; and (b) if a first 
yield of the first plurality of identical semiconductor 
structures is not within a pre-specified range of a target 
yield, forming a second plurality of identical semiconduc- 
tor structures, wherein each of the second plurality of 
identical semiconductor structures is formed by using 
steps similar to steps (a)(i) and (a)(ii), except that the step 



of depositing tlie growth material is performed under a 
second deposition condition. 
[0008] The present invention also provides a method for forming 
semiconductor structures, the method comprising the 
steps of (a) forming a first plurality of identical semicon- 
ductor structures, wherein each of the first plurality of 
identical semiconductor structures is formed by (i) form- 
ing a first single-crystal semiconductor region and first 
and second shallow trench isolation regions on a semi- 
conductor substrate, wherein the first single-crystal semi- 
conductor region is sandwiched between the first and 
second shallow trench isolation regions, and (ii) deposit- 
ing a growth material simultaneously (A) on top of the 
first single-crystal semiconductor region to grow a second 
single-crystal semiconductor region from the first single- 
crystal semiconductor region and (B) on top of the first 
and second shallow trench isolation regions to grow first 
and second polysilicon regions from the first and second 
shallow trench isolation regions, respectively, wherein the 
second single-crystal semiconductor region and the first 
polysilicon region are in direct physical contact with each 
other, wherein the second single-crystal semiconductor 
region and the second polysilicon region are in direct 



physical contact with each other, and wherein the step of 
depositing the growth material is performed under a first 
deposition condition; and (b) if a first yield of the first 
plurality of identical semiconductor structures is not 
within a pre-specified range of a target yield, forming a 
second plurality of identical semiconductor structures, 
wherein each of the second plurality of identical semicon- 
ductor structures is formed by using steps similar to steps 
(a)(i) and (a)(ii), except that the step of depositing the 
growth material is performed under a second deposition 
condition. 

[0009] The present invention also provides a method for forming 
semiconductor structures, the method comprising the 
steps of (a) forming a first plurality of identical semicon- 
ductor structures, wherein each of the first plurality of 
identical semiconductor structures is formed by (i) provid- 
ing a silicon substrate, (ii) forming a single-crystal silicon 
layer on the substrate, (iii) forming first and second shal- 
low trench isolation regions in the single-crystal silicon 
region, the first and second shallow trench isolation re- 
gions defining a first single-crystal silicon region sand- 
wiched between the first and second shallow trench isola- 
tion regions, (iv) growing a seed layer of polysilicon on 



top of the first and second shallow trench isolation re- 
gions, and (v) depositing silicon and germanium simulta- 
neously (A) on top of the first single-crystal silicon region 
so as to grow a second single-crystal silicon region and 
(B) on top of the first and second shallow trench isolation 
regions so as to grow first and second polysilicon regions, 
respectively, wherein the second single-crystal silicon re- 
gion and the first polysilicon region are in direct physical 
contact with each other, wherein the second single-crystal 
silicon region and the second ploy-silicon region are in 
direct physical contact with each other, and wherein the 
step of depositing silicon and germanium is performed 
under a first deposition condition; and (b) if a first yield of 
the first plurality of identical semiconductor structures is 
not within a pre-specified range of a target yield, forming 
a second plurality of identical semiconductor structures, 
wherein each of the second plurality of identical semicon- 
ductor structures is formed by using steps similar to steps 
(a)(i) and (a)(ii), except that the step of depositing the 
growth material is performed under a second deposition 
condition. 

[0010] The present invention also provides a method for deter- 
mining a fabrication condition for a semiconductor struc- 



ture design, the method comprising the steps of (a) pro- 
viding a relationship between a yield of the semiconductor 
structure design, a deposition temperature, and a precur- 
sor flow rate, wherein the semiconductor structure design 
comprises (i) a first region and a second region, wherein 
the first region and the second region are in direct physi- 
cal contact with each other via a first common interface 
surface, and (ii) a third region and a fourth region being 
on top of the first and second regions, respectively, 
wherein the third and fourth regions are grown by a step 
of depositing a growth material simultaneously on top of 
the first and second regions such that a second common 
interface surface between the third and fourth region 
grows from the first common interface surface, wherein 
the first and third regions comprise a same material and 
have single-crystal atoms arrangement, wherein the first 
region has a different atoms arrangement than the fourth 
region, and wherein the step of depositing the growth 
material is performed under the deposition temperature 
and the precursor flow rate; (b) selecting a target yield for 
the semiconductor structure design; and (c) determining a 
desired deposition temperature and a desired precursor 
flow rate under which the step of depositing the growth 



material would form a plurality of identical semiconductor 
structures according to the semiconductor structure de- 
sign having the target yield, wherein the desired deposi- 
tion temperature and the desired precursor flow rate are 
determined based on the relationship. 
[0011] The present invention provides the advantage of fabricat- 
ing semiconductor devices having a relatively higher yield 
than is disclosed in the prior art. 
Brief Description of Drawings 

[0012] FICs. lA-lC illustrate cross-sectional views of a semicon- 
ductor structure after each of a series of fabrication steps 
is performed, in accordance with embodiments of the 
present invention. 

[0013] FIG. 2A illustrates the effects of SiGe deposition tempera- 
ture on the structure and yield of the semiconductor 
structure of FIG. 1, in accordance with embodiments of 
the present invention. 

[0014] FIG. 2B illustrates the effects of silane flow rate on the 

structure and yield of the semiconductor structure of FIG. 
1, in accordance with embodiments of the present inven- 
tion 

Detailed Description 



[0015] The Structures 

[0016] FIG. lA illustrates a cross-sectional view of a semiconduc- 
tor structure 100 after a single-crystal Si (silicon) region 
120 and two shallow trench isolation (ST!) regions 130a 
and 130b are formed on a Si substrate 110, in accordance 
with embodiments of the present invention. IVIore specifi- 
cally, the fabrication process of the structure 100 starts 
out with the Si substrate 110. Then, a single-crystal Si 
layer 120,130a,130b is formed on top of the Si substrate 
110. Illustratively, the single-crystal Si layer 
120,130a,130b can be epitaxially grown on the Si sub- 
strate 110. Next, the ST! regions 130a and 130b are 
formed in the single-crystal Si layer 120,130a,130b by 
first etching two shallow trenches 130a and 130b in the 
single-crystal Si layer 120,130a,130b and then filling the 
shallow trenches 130a and 130b with, illustratively, silicon 
dioxide (SiO^). The single-crystal Si region 120 is sand- 
wiched between and defined by the ST! regions 130a and 
130b. 

[0017] FIG. IB illustrates a cross-sectional view of the semicon- 
ductor structure 100 after polysilicon seed layers 140a 
and 140b are formed on top of the ST! regions 130a and 
130b, respectively, in accordance with embodiments of 



the present invention. More specifically, a polysilicon seed 
layer 140a, 140c, 140b is first deposited on top of the en- 
tire structure 100 of FIG. lA (i.e., on top of the single- 
crystal Si region 120 and the STI regions 130a and 130b) 
using, illustratively, a physical vapor deposition step. 
Next, a portion 140c of the polysilicon seed layer 
140a, 140c, 140b above the single-crystal Si region 120 is 
etched away using, illustratively, photo-lithography mask- 
ing and chemical etching. In one embodiment, the etched 
portion 140c is wider than the single-crystal Si region 120 
in a direction 145. As a result, after the portion 140c is 
etched away, surfaces 132a and 132b of the STI regions 
130a and 130b, respectively, are exposed to the atmo- 
sphere. What remain of the polysilicon seed layer 
140a, 140c, 140b after the chemical etching step are the 
polysilicon seed layers 140a and 140b on top of the STI 
regions 130a and 130b, respectively. 
[0018] FIG. IC illustrates a cross-sectional view of the semicon- 
ductor structure 100 after a SiGe layer 160a,150,160b is 
grown on the single-crystal Si region 120 and the STI re- 
gions 130a and 130b, in accordance with embodiments of 
the present invention. More specifically, in one embodi- 
ment, the SiGe layer 160a, 150, 160b is formed by simulta- 



neously depositing silicon-germanium (SiGe) mixture on 
top of the single-crystal Si region 120 and the STI regions 
130a and 130b. In fact, the SiGe layer 160a,150,160b re- 
sulting from the SiGe deposition comprises three separate 
regions having different atoms arrangements: a single- 
crystal EPI (epitaxial) SiGe region 150, and two polysilicon 
SiGe regions 160a and 160b. More specifically, during the 
SiGe deposition, the EPI SiGe region 150 is epitaxially 
grown from and on top of the single-crystal Si region 120. 
At the same time, polysilicon SiGe regions 160a and 160b 
are grown from and on top of the polysilicon seed layers 
140a and 140b and some exposed surfaces 132a and 
132b of the STI regions 130a and 130b, respectively (FIG. 
IB). As a result, the polysilicon seed layers 140a and 140b 
(FIG. IB) merge into the polysilicon SiGe regions 160a and 
160b (FIG. IC), respectively. 
[001 9] Deposition Conditions, EPI SiGe/Poly growth ratio, and Yields 

[0020] The EPI SiGe region 150 and the polysilicon SiGe region 
160a are in direct physical contact with each other via a 
common interface surface 165a. The common interface 
surface 165a makes with a top surface 134a of the STI re- 
gions 130a an interface growth angle al. When the EPI 
SiGe region 150 and the polysilicon SiGe region 160a 



grow, the common interface surface 165a grows from the 
top edge 170a of a common interface surface 125a be- 
tween the single-crystal Si region 120 and the STI region 
130a. The top edge 170a is also called the STI corner 
170a. 

[0021] Similarly, the EPI SiGe region 150 and the polysilicon SiGe 
region 160b are in direct physical contact with each other 
via a common interface surface 165b. The common inter- 
face surface 165b makes with a top surface 134b of the 
STI regions 130b an interface growth angle a2. When the 
EPI SiGe region 150 and the polysilicon SiGe region 160b 
grow, the common interface surface 165b grows from the 
top edge 170b of a common interface surface 125b be- 
tween the single-crystal Si region 120 and the STI region 
130b. The top edge 170b is also called the STI corner 
170b. 

[0022] On one hand, it has been observed by the inventors of the 
present invention that material stress at the STI corner 
170a is greatest when al approaches 90° and decreases 
when al decreases. Similarly, material stress at the STI 
corner 170b is greatest when a2 approaches 90° and de- 
creases when a2 decreases. On the other hand, al and a2 
depend on the EPI SiGe/Poly growth ratio (i.e., ratio of the 



growth rate of the EPI SiGe region 150 to the growth rate 
of the polysilicon SiGe regions 160a and 160b). More 
specifically, the higher the EPI SiGe/Poly growth ratio, the 
smaller al and a2. In addition, the yield of the structure 
100 (FIG. IC) depends on the material stress at the STI 
corners 170a and 170b. More specifically, the less the 
material stress at the STI corners 170a and 170b, the 
higher the yield of the structure 100. As a result, the yield 
of the structure 100 depends on the EPI SiGe/Poly growth 
ratio. More specifically, the higher the EPI SiGe/Poly 
growth ratio, the higher the yield of the structure 100. 
[0023] It has also been observed by the inventors of the present 
invention that the EPI SiGe/Poly growth ratio depends on 
the temperature of the SiGe deposition (i.e., temperature 
of the top surface of the structure 100 and the deposited 
SiGe material). More specifically, the higher the tempera- 
ture of the SiGe deposition, the higher the EPI SiGe/Poly 
growth ratio. The relationships between the yield of the 
structure 100, the EPI SiGe/Poly growth ratio, and the 
temperature of the SiGe deposition are illustrated in FIG. 
2A which shows data collected from an experiment in 
which the tool platform (not shown) used has a tube 
chamber volume of approximately 3 cubic feet and the 



base pressure is 10~ -10~ Torr. The precursor used in 
the experiment is silane (SiH^) with a flow rate of 30sccm 
(standard centimeter cube per minute). According to FIG. 
2A, when temperature of the SiGe deposition increases 
(i.e., moving to the left along the 1/T axis), both the EPI 
SiGe/Poly growth ratio and the yield of the structure 100 
also increase. 

[0024] Similarly, it has also been observed by the inventors of the 
present invention that the EPI SiGe/Poly growth ratio de- 
pends on the precursor flow rate of the SiGe deposition. 
More specifically, the lower the precursor flow rate of the 
SiGe deposition, the higher the EPI SiGe/Poly growth ratio. 
The relationships between the yield of the structure 100, 
the EPI SiGe/Poly growth ratio, and the precursor flow rate 
of the SiGe deposition are illustrated in FIG. 2B which 
shows data collected from an experiment in which the 
same platform used with respect to FIG. 2A is used. The 
precursor is also silane. However, here, the temperature 
of the SiGe deposition is fixed at a value in the range of 
510-530°C, and silane flow rate is adjusted. According to 
FIG. 2B, when silane flow rate decreases (i.e., moving to 
the left along the horizontal axis), both the EPI SiGe/Poly 
growth ratio and the yield of the structure 100 increase. 



[0025] In summary, with reference to FIGs. IC, 2A, and 2B, by 
raising the temperature and/or lowering the precursor 
flow rate of the SiGe deposition of the SiGe layer 
160a,150,160b, the EPI SiGe/Poly growth ratio is in- 
creased. This in turn reduces the material stress at the STI 
corners 170a and 170b by decreasing al and a2, respec- 
tively. As a result, the yield of the structure 100 increases. 
In other words, as a result of reducing the material stress 
at the STI corners 170a and 170b, it is less likely that 
cracks (if any) would expand from the STI corners 170a 
and 170b into the active regions 120 and 150. Therefore, 
the regions 120 and 150 become a better place for semi- 
conductor devices. For example, an NPN device (not 
shown) may be fabricated in the regions 120 and 150. Il- 
lustratively, the collector of the NPN device can reside in 
the Si region 120. The base of the NPN device can reside 
in the region 150 and on top of the collector. The emitter 
of the NPN device can reside in the region 150 and on top 
of the base. With reduced material stress at the STI cor- 
ners 170a and 170b, the likelihood of short circuits be- 
tween the collector and emitter of the NPN device is re- 
duced. 

[0026] Design Methods 



[0027] In one embodiment, a first plurality of identical semicon- 
ductor structures similar to the structure 100 of FIG. IC is 
fabricated, wherein the condition of the deposition of sili- 
con-germanium (SiGe) mixture on top of the single-crys- 
tal Si region 120 and the ST! regions 130a and 130b (or in 
short, SiGe deposition condition) involves a fixed silane 
flow rate and a first deposition temperature. Then, a first 
yield of the first plurality of identical semiconductor 
structures is determined through testing each of the first 
plurality of identical semiconductor structures. Then, if 
the first yield is within a pre-specified range of a target 
yield (i.e., the first yield is greater than target yield, or 
within a pre-specified difference if the first yield is less 
than the target yield), the fixed silane flow rate and the 
first deposition temperature are considered satisfactory 
and can be used in mass production of the structure 100. 

[0028] If the first yield is not within the pre-specified range of 
the target yield, a second plurality of identical semicon- 
ductor structures similar to the structure 100 of FIG. IC is 
fabricated, wherein the SiGe deposition condition involves 
the fixed silane flow rate and a second deposition tem- 
perature which is higher than the first deposition temper- 
ature. In one embodiment, the selection of the second de- 



position temperature can tal<e into consideration tlie ef- 
fect(s) of a higher deposition temperature on the struc- 
tures surrounding the structure 100 of FIG. IC and on the 
structure 100 itself when the structure 100 goes through 
the ensuing fabrication steps. Then, a second yield of the 
second plurality of identical semiconductor structures is 
determined through testing each of the second plurality of 
identical semiconductor structures. Then, if the second 
yield is within the pre-specified range of the target yield, 
the fixed silane flow rate and the second deposition tem- 
perature are considered satisfactory and can be used in 
mass production. If the second yield is not within the pre- 
specified range of the target yield, a third plurality of 
identical semiconductor structures similar to the structure 
100 of FIG. IC is fabricated with an even higher third de- 
position temperature, and the process above is repeated 
until a satisfactory deposition condition is found which 
can be used for mass production of the structure 100. 
[0029] In an alternative embodiment, SiGe deposition tempera- 
ture is fixed at a fixed deposition temperature, and silane 
flow rate is adjusted down. In one embodiment, the selec- 
tion of the next, lower silane flow rate can take into con- 
sideration the effect(s) of a lower silane flow rate on the 



speed of the SiCe deposition. Tlirougli similar procedures 
described above, a satisfactory deposition condition com- 
prising tlie fixed deposition temperature and a last silane 
flow rate corresponding to a last plurality of identical 
semiconductor structures can be determined for mass 
production of the structure 100. 
[0030] In a yet another alternative embodiment, after the first 
yield for the first plurality of identical semiconductor 
structures is determined, it is recorded along with the as- 
sociated SiGe deposition condition (SiGe deposition tem- 
perature and precursor flow rate) instead of being com- 
pared with the target yield. Then, the second yield for the 
second plurality of identical semiconductor structures is 
determined and recorded along with the associated SiGe 
deposition condition. Then, a third yield for a third plural- 
ity of identical semiconductor structures is determined 
and recorded along with the associated SiGe deposition 
condition, and so on until an Nth yield for an Nth plurality 
of identical semiconductor structures is determined (N is 
an integer) and recorded along with the associated SiGe 
deposition condition. As a result, the yield of the structure 
100 of FIG. IC can be provided as a function of the asso- 
ciated SiGe deposition condition. For example, in one em- 



bodiment, the yield for the structure 100 and its associ- 
ated deposition temperature and precursor flow rate can 
be plotted on a 3-axis system Oxyz (not shown) with axis 
Oz representing function yield and Ox and Oy represent- 
ing variables deposition temperature and precursor flow 
rate. As a result, the yield has the shape of a surface 
(hereafter, referred to as the yield surface) in the Oxyz 
space. 

[0031] Then, a target yield for the structure 100 can be selected, 
and from the just determined function, the precursor flow 
rate and deposition temperature associated with the tar- 
get yield can be determined which can be used for mass 
production. In one embodiment, the target yield can be 
selected to be the maximum yield of the N yields. FIG. 2A 
illustrates only two yield values (1.00 and 1.032) corre- 
sponding to two different SiGe deposition conditions. 
Similarly, FIG. 2B illustrates only two normalized yield val- 
ues (1.00 and 1.07) corresponding to two different SiGe 
deposition conditions. 

[0032] In the example of the yield surface supra, a plane z = the 
selected target yield (not shown) cuts the yield surface to 
define a yield curve along which any pair of associated 
deposition temperature and precursor flow rate corre- 



spending to the selected target yield may be chosen. In 
one embodiment, a target deposition temperature can be 
selected and can be represented by a plane x = target de- 
position temperature which intercepts the yield curve at a 
first point. The precursor flow rate associated with this 
first point and the target deposition temperature provide 
the deposition condition to determine the target yield for 
the structure 100. 

[0033] In an alternative embodiment, a target precursor flow rate 
can be selected and can be represented by a plane y = 
target precursor flow rate which intercepts the yield curve 
at a second point. The deposition temperature associated 
with this second point and the target precursor flow rate 
provide the deposition condition to determine the target 
yield for the structure 100. 

[0034] In the embodiments described above, SiGe deposition is 
used for illustration only. The invention is applicable to 
any other deposition. The precursor used is not restricted 
to silane. 

[0035] While particular embodiments of the present invention 
have been described herein for purposes of illustration, 
many modifications and changes will become apparent to 
those skilled in the art. Accordingly, the appended claims 



are intended to encompass all such modifications and 
changes as fall within the true spirit and scope of this in- 
vention. 



